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In this issue of Cell Stem Cell, McMahon and coworkers (Kobayashi et al., 2008) characterize a subset of
progenitor cells in the developing kidney. six2-expressing mesenchymal cells exhibit hallmark stem cell
traits, in that they appear to self-renew and are clonally multipotent for a range of nephron epithelial cell
types.The metanephros is the third and final
stage of mammalian kidney development
and gives rise to the definitive adult kidney
(Saxen, 1987). This structure derives from
reciprocal inductive interactions between
the metanephric mesenchyme (MM) and
adjacent ureteric bud (UB) (reviewed in
Dressler, 2006; Quaggin and Kreidberg,
2008); outgrowth of the UB occurs at
10.5 days postcoitum (dpc) in the mouse
or 5 weeks pc in humans. Nephrons are
the major functional units of the kidney,
filtering blood to form primary urinary
filtrate; they arise repeatedly throughout
renal development. Classic tissue re-
combination experiments showed that
nephrons arise from MM cells following
induction by adjacent UBs. Molecular
studies and knockout mice have identified
important functional subsets of cells
within the MM (Hatini et al., 1996; Cui
et al., 2003; Levinson and Mendelsohn,
2003). Although the existence and molec-
ular characteristics of a specific nephron
progenitor cell have been elusive, previ-
ous studies have suggested that cap
mesenchymal cells expressing six2 and
cited1 that surround the tips of the
branching ureteric bud might represent
such a population (Self et al., 2006; Boyle
et al., 2008) (Figure 1). In this issue,
McMahon and colleagues provide evi-
dence that a more primitive population
of six2 single positive cap cells do indeed
exhibit characteristics of a true renal pro-
genitor population (Kobayashi et al.,
2008). The authors use a series of trans-
genic reporter lines to demonstrate that
six2-expressing cells are capable of self-
renewal and tremendous expansion dur-
ing the course of nephrogenesis and that
six2-positive clones are multipotent, giv-
ing rise to all epithelial cell lineages in
the MM-derived portion of the nephron.Six2 is a homeodomain-containing pro-
tein that is expressed in the cap MM from
its earliest appearance. To dissect the
fate, renewal, and proliferative capacity
of these cells, the authors generated
transgenic mice carrying four separate
six2 reporter alleles that precisely ‘‘tag’’
cell populations at defined embryonic
time points (Kobayashi et al., 2008). Three
of the most informative lines were
‘‘knockin’’ alleles, whereby GFP or Cre
recombinase transgene expression was
controlled by endogenous regulatory ele-
ments at the six2 gene locus. The GFP
reporter permits verification of expression
of the knockin transgenes in six2-ex-
pressing cells. When bred to the lacZ
reporter mouse strain, R26R-lacZ, Cre
expression leads to excision of a stop co-
don before the lacZ gene, making Six-2
positive cells identifiable as blue cells af-
ter a staining procedure, and thus irre-
versibly ‘‘tagging’’ them and any of their
subsequent progeny. Two of the con-
structs allow precise labeling of six2+
cells within a narrow time window, by us-
ing a Six2-regulated CreERT2 transgene
and a single dose of tamoxifen.
Using these genetic tools, the authors
reveal that the Six2+ population expands
dramatically while maintaining Six2 ex-
pression, in that a single pulse of tamoxi-
fen labels approximately 12,000 cells at
11.5 dpc and, when kidneys from these
mice are studied 8 days later (19.5 dpc),
a whopping 180,000 cells are marked.
This represents an almost 16-fold in-
crease in the absolute number of Six2-
expressing cells that cap the UBs. Given
that the authors carefully excluded the
possibility that Six2-negative cells differ-
entiated and contributed to the expanded
pool of labeled cells, these results
suggest that at least some cells in theCell Stem Cepopulation are capable of remarkable
self-renewal.
In addition to the overall expansion of
the Six2+ population, the number of UB
tips also increased from 1 to 1500 during
this phase of embryonic development.
How these cap cells remain associated
with each new branch tip that forms is
not yet clear, but the authors did conduct
lineage tracing studies to assess the con-
tribution of Six2+ cells to the various cell
types in mature nephrons. Six2-express-
ing cap mesenchyme gave rise to all
epithelial cell lineages of the nephron, in-
cluding podocytes, parietal epithelial cells
of Bowman’s capsule, and all tubular cell
lineages down to and including the con-
necting segment (Figure 1). By contrast,
Six2+ cells do not contribute to cells of
the collecting duct, which is derived
from UB epithelium, or likewise, to non-
epithelial cells of the glomerulus: Flk1+
endothelial cells andPDGFRb+mesangial
cells.
Population studies do not exclude the
possibility that multiple restricted progen-
itor subsets are present within the Six2+
population. Therefore, to extend their line-
age analysis, the authors used 1/20th of
the standard tamoxifen dose to tag a small
subset of Six2-expressing cells and fol-
low their fate, allowing the equivalent of
a clonal analysis. These studies show
that single (or at most a few) Six2-ex-
pressing clones contribute to multiple,
molecularly distinct cell types in the
nephron and provide the most compelling
data to date that individual Six2 cells are
multipotent.
In Six2 knockout mice, ectopic tubules
form on the dorsal aspect of the UB, and
nephrogenesis arrests rapidly. Accord-
ingly, Six2-deficient mice are born with
small, nonfunctional kidneys (Self et al.,ll 3, August 7, 2008 ª2008 Elsevier Inc. 123
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PreviewsFigure 1. Six2 Marks a Subset of Progenitor Cells in the Cap Mesenchyme
Six2 is expressed in the cap metanephric mesenchymal cells. Six2 cells are capable of self-renewal,
replenishing the cap mesenchyme as new tips of the ureteric bud form repeatedly during renal develop-
ment. The Six2+ population contains multipotent progenitors, giving rise to all epithelial cell types of the
nephron (blue): Bowman’s capsule, podocytes, and tubular portions of the nephron. The collecting
duct arises from the UB (green).2006) Taken together, these results are
consistent with a requirement of Six2 for
expansion and maintenance of a progen-
itor pool. In addition, the appearance
of ectopic tubules supports a model
whereby Six2 is required to suppress pre-
cocious differentiation of the cap mesen-
chyme into epithelial cells, thus allowing
the progenitors to remain in an undifferen-
tiated state. In the absence of Six2, this
repression is apparently lost. The authors
speculate that repression of epitheliali-
zation by Six2 is mediated through a
Wnt9b inductive signal (Carroll et al.,
2005). To test this model, compound mu-
tants deficient in both Six2 and Wnt9b
were generated, and the resulting off-
spring do not develop ectopic tubules.
This result thus supports the suppressive
role of Six2 but does not yet establish a
direct link between Six2 and Wnt signal-
ing. Furthermore, the observation that
Six2-Wnt9b compound mutant mice ex-
hibit more severe kidney developmental124 Cell Stem Cell 3, August 7, 2008 ª2008phenotypes than either single mutant
suggests that other potential interactions
between these two pathways require
future investigation. Regardless, the dem-
onstration that Six2 participates in an
‘‘inhibitory signal’’ represents a paradigm
shift for the field in that renal development
has, until recently, largely been focused
on studies of positive regulators of
nephron induction.
In summary, the paper by McMahon
and associates clearly identifies a popula-
tion of kidney cells exhibiting all the requi-
site properties of a progenitor cell type:
self-renewal, expansion, and multipo-
tency. Their arsenal of genetic tools, along
with careful and creative analysis, en-
abled the authors to precisely define the
capacity of these progenitor cells in vivo.
These same tools, particularly the GFP
transgenic lines, should facilitate isolation
of the nephron progenitors by FACS sort-
ing, which will allow the characterization
of their biochemistry and signalingElsevier Inc.in vitro. Given the recent exponential
growth of kidney disease, the lack of ef-
fective treatments, and the high cost of
replacement therapy, there exists great
interest in developing alternative treat-
ments for kidney disease, including cell-
based therapies. Although progenitor
and stem cell biology of the kidney is still
an emerging field, the characterization of
endogenous progenitor pools, along with
the techniques and reagents reported
here, provides a key step in this direction
and establishes a foundation for moving
forward.
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